Evolution of correlation strength in K a; Fe 2 _ J ,Se2 superconductor doped with S 
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We report the evolution of thermal transport properties of iron-based superconductor K;cFe2-;,Se2 
with sulfur substitution at Se sites. Sulfur doping suppresses the superconducting T c as well as the 
Seebeck coefficient. The Seebeck coefficient of all crystals in the low temperature range can be 
described very well by diffusive thermoelectric response model. The zero-temperature extrapolated 
value of Seebeck coefficient divided by temperature S/T gradually decreases from — 0A8fj,V/K 2 to 
a very small value ~ 0.03 /xV/K 2 where T c is completely suppressed. The normal state electron 
Sommerfeld term (7„) of specific heat also decreases with the increase of sulfur content. The dcrease 
of S/T and 7„ reflects a suppression of the density of states at the Fermi energy, or a change in the 
Fermi surface that would induce the suppression of correlation strength. 

PACS numbers: 74.25.fc, 74.25.fg, 74.20.Mn, 74.70.Xa 



I. INTRODUCTION 

Superconductivity in pure and F-doped LaFeAsO with 
T c up to 26 K has opened a new frontier in the in- 
vestigation of the novel superconducting materials and 
mechanisms. After an intensive study, superconductiv- 
ity was discovered in several different type of iron-based 
materials, including REOFePn (RE=rare earth; Pn=P or 
As, 1111-type)^ doped AFe 2 As 2 (122-type, A=Ba, Sr, 
Ca)^i Fe 2 As-type AFeAs (Ill-type, A=Li or Na), 1 ^ 3 - 
as well as anti-PbO-type Fe(Se,Te) (11-type)^^ All 
have similar structure with the common FeAs-layer units. 
Most undoped compounds are stripe-like antiferromag- 
netic (spin density wave, SDW) metals, and the magnetic 
ordering comes about simultaneously with the structural 
phase transition from tetragonal to orhtorhombic unit 
cell. Experimental and theoretical studies suggests that 
the high-T c superconductivity in iron-based supercon- 
ductors is influenced by proximity to SDW phase tran- 
sition. The doping brings along charge carries that sup- 
press the SDW ordering. It was suggested that the su- 
perconductivity may be established via inter-pocket scat- 
tering of electrons between the hole pockets and electron 
pockets, leading to the s ± pairingJ^r— 

Thermal conductivity, thermoelectric power (Seebeck 
coefficient) and specific heat, give some useful infor- 
mation about the Fermi surface, electron-phonon cou- 
pling, pairing mechanism, and gap structure On 
the other hand, most iron-based superconductors exhibit 
significant Seebeck coefficient, similar to the cobaltates 
(such as Na^OoC^) and cuprates which have been widely 
studied for potential application ^ 4 ' 25 Seebeck coefficient 
reaches about 90 fiV/K in RFeAsOi-ajFa; and Co-doped 
FeSe, rather close to values observed in Na^OoO ^ 26 ' 27 

Superconductivity with relatively high T c ~ 30 K was 
recently reported in a new series of iron-based super- 
conductors A x Fe 2 Se 2 (A=K,Rb,Cs,Tl)i28r^ 2 . These com- 
pounds are purely electron-doped and it is found that 
the superconductivity might be in proximity of a Mott 
insulator. 3 £ Only electron pockets were observed in angle- 



resolved photoemission experiment without a hole Fermi 
surface near the zone center in ARPES experimenter- 
Just like other iron-based superconductors^ supercon- 
ductivity in A ;E Fe 2 Se 2 is sensitive to the Pn doping and 
anion height between Fe and Pn layers. Sulfur doping 
at Se sites suppresses the superconductivity^ 7 - and in- 
duces a spin glass narrow bandgap semiconductor ground 
state for complete S substitution on Se sites^ Here we 
report the evolution of thermal transport properties of 
iron-based superconductor K x Fe 2 _ y Se 2 with sulfur sub- 
stitution. Seebeck coefficient and the electron Sommer- 
feld term in specific heat, are suppressed. This implies 
the suppression of density of states at the Fermi energy 
and decrease in correlation strength. K x Fe 2 _ a S 2 exhibits 
large Seebeck coefficient at high temperature range which 
is attributed to the thermally activated carriers over the 
narrow bandgap. 



II. EXPERIMENTAL 

Single crystals of K a; Fe 2 _j,Se 2 _ z S z were grown from 
nominal composition K:Fe:Se:S=0.8:2:2-z:z with differ- 
ent S content, as described elsewhere ] 37 : 38 The elemental 
analysis was performed using an energy-dispersive x-ray 
spectroscopy (EDX) in a JEOL JSM-6500 scanning elec- 
tron microscope and following the actual sulfur contents 
are used. Electrical and thermal transport measurements 
were conducted in Quantum Design PPMS-9. The crys- 
tal was cleaved to a rectangular shape with dimension 
5x2 mm 2 in the aft-plane and 0.3 mm thickness along 
the c-axis. Thermoelectric power and thermal conduc- 
tivity were measured using one-heater-two-thermometer 
setup which allowed us to determine all transport proper- 
ties of the crystal with steady-state method in Quantum 
Design PPMS-9. The heat and electrical current were 
transported within the aft-plane of the crystal oriented 
by Laue camera, with magnetic field along the c-axis 
and perpendicular to the heat/electrical current. Silver 
paint contacts were made directly on the crystal surface 
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FIG. 1. (a) Temperature dependence of thermal conduc- 
tivity for Ka;Fe2-i/Se2-2S z in zero magnetic field from 2 K 
to 300 K. (b) Low temperature thermal conductivity with 
phonon-related peak indicated by red arrows. 
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FIG. 2. Temperature dependence of resistivity (a) 
and Seebeck coefficient (b) for K:rFe2-2/Se2-zS z (z = 
0.0, 0.32, 0.99, 1.04 and 1.58) under zero magnetic field. 



providing both good thermal contact and low electrical 
contact resistance. Since air exposure exceeding 1 hour 
will result in the surface oxidization, the exposure to air 
of crystals was less than 20 minutes. The relative error in 
our measurement for both k and S was below 5% based 
on Ni standard measured under identical conditions. 



III. RESULTS AND DISCUSSIONS 

Fig. 1(a) presents temperature dependence of thermal 
conductivity for K :E Fe2-ySe2-zS z in zero magnetic field 
from 2 K to 300 K. Thermal conductivity for all crystals 
exhibits a peak between 15 K and 30 K (Fig. 1(b)). 
The peak position moves to higher temperature with the 
increase of sulfur doping (red arrows in Fig. 1(b)). It 
changes from ~ 17 K in undoped crystal to ~ 25 K in 
Ka;Fe2-yS2, and is considered to entirely originate from 
phonon contribution.— This shift is due to the lattice 
contraction corresponding to smaller radius of sulfur ion. 

With the increase of S, superconducting T c is sup- 
pressed and ultimately vanishes at z = 1.58 (Fig. 2(a)). 
The suppression of T c is confirmed in Seebeck coefficient 
5 = temperature (Fig. 2(b)) since Cooper pairs carry 
no entropy in the superconducting state. With increase 
in sulfur doping, the magnitude of Seebeck coefficient 
decreases significantly for superconducting samples. The 
Seebeck coefficient for crystal with z = 1.58 (which does 
not exhibit superconducting transition above 1.9 K) is 
nearly zero in the whole temperature range (the value is 

0.75^V/K at 200 K and - 0.06 fiV /K at 2 K). For 

the narrow bandgap semiconductor K a; Fe2_; / S2, p and 
S are beyond the detection limit of our instrument, as 
shown in Fig. 2(b). The observable Seebeck coefficient 



appears at ^100 K and is due to the thermal excitation 
of carriers over the bandgap. With further increase of 
temperature, the number of the thermally excited carri- 
ers becomes larger and the Seebeck coefficient increases 
up to ~180 /j,V/K 2 at 300 K. For all crystals, there are no 
evident peaks in the Seebeck curves between 2 K and 300 
K, indicating that there is no significant Fermi surface 
nesting for all crystals in this temperature rangej 19 ' 21 i 39 
Seebeck coefficient in a material is the sum of three dif- 
ferent contributions: the diffusion term Sdiff, the spin- 
dependent scattering term and the phonon-drag term 
Sdrag due to electron-phonon couplingj 19 ' 41 TEP in our 
sample above T c is independent of magnetic field, which 
excludes the spin-dependent mechanism. The contribu- 
tion of phonon-drag term often gives ~ T 3 dependence 
for T « Q D , ~ 1/T for T > Q D (where 6 D is the 
Debye Temperature), and a peak structure for ~ ^f"- 41 
The absence of the peak structure in our TEP results 
suggests negligible contribution of the phonon drag ef- 
fect to S(T) since Qd for crystals with z=0 and z=2.0 
are 260 K and 289 At low temperature, diffusive 



TABLE I. Set of derived parameters for superconducting 
Ko.8Fe 2 _j / Se_ z 2S z crystals. 

Parameter 
f (^V/K 2 ) 
7 (mJ/mol K 2 ) 

Tc (K) 
T F (K) 

T e 
T P 



(m e ) 



z=0.0 


z=0.32 


z=0.99 


z=1.04 


-0.48(3) 


-0.38(8) 


-0.11(5) 


-0.13(7) 


6.0(5) a 


3.5(7) 


2.8(7) 


1.5(4) 


0.13 


0.09 


0.12 


0.15 


31.0 


31.4 


21.4 


16.4 


880 


1110 


3860 


3270 


0.04 


0.028 


0.005 


0.005 


3.4 


2.7 


1.1 


1.3 



a The value is obtained from Ref . [44] . 
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FIG. 4. (The specific heat data in low temperature range 
under different magnetic fields up to 9 T for crystals with 
z = 0.32 (a) and z = 0.99 (b). The lines are the linear fitting 
results, (c) Field dependence of the Sommerfeld coefficient 
7(_H r ) for crystal with z = 0.32 (squares) and z — 0.99 (cir- 
cles). (d)The specific heat data for crystal with z = 1.04 
under 9 T magnetic field, and for crystal with z — 1.58 and 
2.0 under T field, respectively. The lines are linear fitting 
results. 



FIG. 3. (a) Temperature dependence of the Seebeck coeffi- 
cient divided by T, f , for K I Fe 2 -j / Se 2 - z S z with z = 0.32, 
0.99 and 1.58 under T (open symbols) and 9 T (closed sym- 
bols), respectively. The dashed lines are the linear fitting re- 
sults within high temperature range as described in text, (b) 
The relationship between the zero-temperature extrapolated 
value of = (open circle) and superconducting T c (open square) 
to S concentration z in K a! Fe2-j ; Se2-zS z . The inset shows the 
relationship between the Sommerfeld coefficient and S concen- 
tration z in K x Fe2-ySe2- z S z . For superconducting crystals, 
the Sommerfeld coefficients in normal state induced by mag- 
netic field were used. 



Seebeck response of a Fermi liquid dominates and is ex- 
pected to be linear in T in the zero-temperature limit, 
with a magnitude proportional to the strength of elec- 
tronic correlations^ This is similar to the T-linear elec- 
tronic specific heat, C e /T = 7. In a one-band system 
both can be described by: 



IT 2 k B 1 



a 1,2 



S/T = ±-^ — 
2 e If 



±- 



k% N(e F ) 



9 2 
7r . n r, 2 , r , . 
7= Y^ B — = — k%N(e F ) 



(1) 
(2) 



where k B is Boltzmann's constant, e is the electron 
charge and n is the carrier density, Tp is the Fermi tem- 
perature which is related to the Fermi energy and the 
density of states N(e F ) as N(e F ) = ■%?- = T^h~ In a 
multiband system, this formula gives tire upper limit of 



the Fermi temperature of the dominant band. The See- 
beck coefficients of all crystals fit to this formula very 
well in low temperature range. Fig. 3(a) shows the 
relationship between the Seebeck coefficient divided by 
temperature (S/T) in K a; Fe2-ySe2-2;S z with different S 
content under T and 9 T magnetic field respectively. 
For superconducting crystals, the Seebeck coefficient in 
the normal state is independent of magnetic field and 
exhibits linear relationship with temperature in the low 
temperature range (Fig. 3(a)). The zero-temperature ex- 
trapolated values of S/T for different crystals are shown 
in Fig. 3(b) and Table I. With sulfur doping, ~ is sup- 
pressed from — QA8fj,V/ K 2 to a very small value ~ 0.03 
/iV/K 2 for crystals without superconducting transition. 
Similar trend was observed in suppression of supercon- 
ducting T c (Fig. 3(b)). 

The specific heat measurements on all crystals can also 
give some useful information. Our crystals do not ex- 
hibit anomaly at superconducting transition, similar to 
previous report and possibly due to the very small super- 
conducting contribution and the nodeless gap4£ Yet the 
magnetic field dependent specific heat can yield impor- 
tant information about the Fermi surface. Fig. 4(a) and 
(b) shows the specific heat data plotted as ^ vs T 2 in 
the low temperature region under various magnetic fields 
for crystal with z = 0.32 and z — 0.99 with upper critical 
field H c2 - 45 T and - 13 T (for field applied along the 
c-axis of the crystals) respecively4^ The magnetic field 
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gradually enhances the specific heat, indicating the build 
up of the quasi-particle density of states. From linear 
fitting to C/T vs T 2 (solid lines in Fig. 4(a) and (b)), 
we obtained linear dependence of Sommerfeld coefficient 
on the magnetic field (Fig. 4(c)). This is consistent with 
the results on K x Fe2- y Se2 and the nodeless gap4£ The 
slope of the line in Fig. 4(b)is - 0.06(5) mJ/mol K 2 T 
and ~ 0.22(3) mJ/mol K 2 for two crystals with z — 0.32 
and 0.99 respectively. From them we estimate the value 
of normal-state electron specific heat coefficient j n to be 
3.5 mJ/mol K 2 using upper critical field H C 2(0) ~ 45T 
for z — 0.32 and j n = 2.8(7) mJ/mol K 2 for crystal with 
z = 0.99 using H c2 (0) - 13 T respectively^ These val- 
ues are smaller than the value (~ 6.0(5) mJ/mol K 2 ) in 
K2;Fe2_ySe2 system as shown in Table I and the inset of 
Fig. 3(b)4£. Application of 9 T magnetic field parallel 
to c-axis completely suppresses the superconductivity in 
crystal with z = 1.04 and we obtain j n ~ 1.5 mJ/mol K 2 
directly from linear fit of the low temperature C /T vs T 2 
in 9 T (Fig. 4(d)). For the crystals with z = 1.58 and 
2.0, we derived the Sommerfeld coefficient from specific 
heat under zero field (Fig. 4(d)). The results are shown 
in Table I and Fig. 5(d). With increase of sulfur content 
the electron Sommerfeld coefficient in the normal state 
is gradually suppressed. 

According to (1) and (2), S/T and the electron Som- 
merfeld term in specific heat are related to the carrier 
density and the density of states at the Fermi energy. 
Since the sulfur has identical electronic configuration to 
selenium, there should be no change in the carrier con- 
centration with sulfur doping because the elemental anal- 
ysis is consistent with full occupancy of S(Se) sites<21 The 
absolute value of the dimensionless ratio of Seebeck coef- 
ficient to specific heat q = N ^ eS with Na v the Avogadro 
number, gives the carrier density. From the values of S/T 
and 7„ obtained previously, we derived q values for four 
superconducting crystals (Table I). The q values do not 
exhibit significant change. Therefore the suppress of S/T 
and 7„ reflects a suppression of density of states at the 
Fermi level or a change in the Fermi surface. 



The ratio of the superconducting transition tempera- 
ture T c to Fermi temperature Tp gives information about 
the correlation strength in superconductors. The ratio 
^ ~ 0.04 for K K Fe2- y Se2 implies a weakly correlated 
superconductor—2. With increase in sulfur content, the 
value of decreases as shown in Table I. This implies a 
suppression of correlation strength. The effective mass, 

h 2 k 2 

in* , derived from kgTp = 2 f , is also suppressed with 
increase of S content (Table I), consistent with the de- 
crease of correlation strength with S doping. 



IV. CONCLUSION 

In summary, we studied the evolution of thermal trans- 
port and thermodynamic properties of Ka;Fe2-ySe2-zS z . 
The zero-temperature extrapolated value of Seebeck co- 
efficient S/T is gradually suppressed, and then under- 
goes a sharp decrease at z = 0.99 to a very small value 
(~ 0.03(2) /iV/K 2 ) for crystals with more sulfur con- 
tent. The electron Sommerfeld term (-f n ) in specific heat 
also decreases with increasing of sulfur content. The sup- 
pression of S/T and 7„ reflects a suppression of density 
of states at the Fermi level or a change of Fermi sur- 
face near ~ 40% sulfur doping level, possibly due to the 
change of the correlation strength. This coincides with 
the suppression of superconducting transition and shows 
that correlation effect might be important for supercon- 
ducting T c in this material. 
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